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ABSTRACT

Almost 20 years have elapsed since a phenomenon
called "radial specific coalescence" was identified.
During studies of electrolytic oxygen evolution
from the back side of a vertically oriented,
transparent tin oxide electrode in alkaline electrolyte,
one of the authors (Sides) observed that large
"collector" bubbles appeared to attract smaller
bubbles. The bubbles moved parallel to the surface
of the electrode, while the electric field was normal
to the electrode surface. The phenomenon was
reported but not explained. More recently self
ordering of latex particles was observed during
electrophoretic deposition at low DC voltages
likewise on a transparent tin oxide electrode. As in
the bubble work, the field was normal to the

electrode while the particles moved parallel to it.
Fluid convection caused by surface induced flows
(SIF) can explain these two apparently different
experimental observations: the aggregation of
particles on an electrode during electrophoretic
deposition, and a radial bubble coalescence pattern
on an electrode during electrolytic gas evolution. An
externally imposed driving force (the gradient of
electrical potential or temperature), interacting with
the surface of particles or bubbles very near a planar
conducting surface, drives the convection of fluid
that causes particles and bubbles to approach each
other on the electrode.

Phenomena. Two seemingly different phenomena,

the aggregation of colloidal particles deposited on an

electrode and the coalescence of gas bubbles

generated near an electrode, can be explained from a

unified point of view based on ].o2_sidering fluid
convection. Sides and Tobias' studied the

electrolytic evolution of oxygen bubbles from the

back side of a vertically oriented, transparent tin

oxide electrode in alkaline electrolyte. The authors

discovered a phenomenon they termed "specific

radial coalescence," whereby central "collector"

bubbles appeared to attract smaller bubbles. A

sequence of images from these experiments,
appearing in Figure 1, demonstrates the effect. 2

The first frame shows a large bubble in the lower

left quadrant with six smaller bubbles arranged

around it in a near hexagonal array. As time

elapses, each smaller bubble moves toward the large

bubble until it eventually coalesces with it. The

bubbles move as if "attracted" to the larger bubble

from all points surrounding it; the effect was

therefore independent of gravity since buoyancy

would have moved the bubbles unidirectionally.

Most of the bubbles in the experiment were mobile,

which indicates the presence of a small but finite

film of liquid between the bubbles and the electrode.
Janssen and van Stralen 3 reported similar
observations of lateral bubble motion on a

transparent electrode during electrolytic gas
evolution. The interactions between the bubbles

appeared to be significant over distances over several

bubble diameters (tens of microns) and could not be
attributed to conventional colloidal/surface forces.

Colloidal particles can form ordered layers in both

direct and alternating electric fields during

electroph_r_t_c_ deposition (EPD) on conducting

surfaces.- ...... Conditions under whic_ the self-
ordering occurs vary widely. Brhmer', studying

field-induced lateral motion of 4 and 10 lttm

polystyrene spheres on a transparent indium-doped
tin oxide (ITO) electrode, observed in situ clustering

under direct current field strengths less than 20 Vim.
The particles on the surface of the electrode

aggregated to form clusters even though the particles

were initially several radii apart. A time series of

photographs, appearing in Figure 2, demonstrates
this field-induced cluster formation. The first
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doubletsformed after 60 s. (Figure 2b).
Subsequently,thesedoubletsformedtripletsand
higher-orderaggregates(Figure2b,2c). Particle-
clusterandcluster-clusteraggregationcontinued
until,asseenin thelastpictureof theseriestaken
after12minutes,only oneparticlewasleft and
severallargeorderedclusterswereformed(Figure
20. Thisseriesof photographsshowsboththe
long-rangenatureof the interactionsandcluster-
clusteraggregation.Theclustersseparatedinto
singleparticleswhentheelectricfieldwasreversed.
Also,theparticlesexhibitedBrownianmotioneven
whentheyappearedto beon thesurfaceof the
electrode,whichagainindicatedthepresenceof a
smallbutfinitegapof liquidbetweentheparticles
andtheelectrode.

We proposea unifiedexplanationfor self-
aggregationof particlesandbubblesnearsurfaces.
Themechanismis basedon convection induced by

the surfaces of particles or bubbles as they interact

with an electric field or temperature gradient normal

to the surface. Gradients perpendicular to flt_ql/_9_d
interfaces are known to produce convection

but these flows originate from perturbations in the

interfacial tension caused by the coupling of

electrical, thermal and composition gradients with
deformation of the interface. The foundation of this

model, however, is stead), convection resulting from

flows about particles and bubbles held stationary at

a solid surface. The analysis for particle clustering

is an elaboration of the mechanism first proposed by
B/Shiner .

Analysis. We attribute the long-range interactions
(of order several radii) between particles and bubbles

near a conducting solid-liquid interface to fluid
convection induced by interactions between the

applied field (electrical or thermal) and the surface of

the particl_ and bubbles• These phoretic
interactions create a recirculating fluid flow

pattern in the vicinity of the bodies. For a particle

near an electrode, the electrical stresses resulting
from the action of the electric field on the ions

within the electrical double layer about the particle's

surface produce an electroosmotic "slip velocity" at

the outer edge of the double layer that drives the

flow about the particle as shown in Figure 3a. The

slsip velocity is given by the Helmholtz expression,
v = (- e _/rl)E, where e is the permittivity of the

fluid (water), rl is the viscositYl3 _ is the zeta
potential of the particle's surface , and E is the

electric field tangent to the particle's surface.

For a bubble near a heated wall, an interfacial

tension gradient over the bubble's surface results

from an overall temperature gradient perpendicular to

the wall. Fluid flow must balance the resulting
interfacial stress at the interface, s = _('VT where

_f' is the derivative of interfacial tension with

temperature ,-,Jap_t,l_Tis the temperature gradient at
the interface. Calculated fluid streamlines for

this type of "Marangoni" flow appear in Figure 3b.

The phoretic velocity fields about a particle or

bubble held stationary very near a planar electrode

must be calculated in order to compare our

hydrodynamic theory quantitatively with

experimental observations of aggregation• For the

case of a non-conducting, charged, spherical particle
that is large relative to the thickness of the double

layer, we first determined the spatial variation of the

electrical potential by solving Laplace's equation

which follows from charge (ion) conservation in the

electrolyte solution• The potential on the electrode
was assumed uniform. From this solution we

calculated the electric field E at each point on the

surface oft he particle, from which the slip velocity

was determined• Then the steady Stokes-flow

equations were solved using the slip velocity
boundary condition (v = vs) at the particle's surface

(i.e., at the outer edge of the dot_b_e layer). Details
arc given by Solomentsev et al. The streamlines

of Figure 3a are essentially the same for any gap
distance h less than 10% of the radius of the

particle. The calculation of the Marangoni flow

field in the vicinity of a bubble very near a heated

plane wall at uniform temperature proceeded
similarly except that the Stokes equations were

solved by balancing the hydrodynamic stress with
• , S

the mterfacml stress (a = O ) at the surface of the

bubble. The overall thermal gradient, used as the

boundary condition far from the bubble, was

calculated from the heat dissipation on the
electrode's surface due to electrochemical reaction on

the electrode and ohmic heat production in the
antimony-doped tin oxide film, as described later.

Again, the streamlines of Figure 3b are independent

of the gap between the bubble and the surface when
it is less than 10% of the particle's radius.

The calculated streamlines for either electroosmotic

or Marangoni flows, Figure 3, indicate that the
effect of convection could be to either attract two

particles or repel them. A "test" body adjacent to

the electrode will be convected toward the first body.

The flow field about the test body will have a

similar effect on the first body if they are of equal
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size,sothatthetwoparticlesor bubbles approach

each other. A test body far from the electrode will

be convected away from the first body as it

approaches the electrode but then will be convected

toward the first body when it is near the electrode.

Since the flow is linear with the applied electric or

temperature field, the direction of the fluid velocity

changes if the direction of the field is reversed,

which resulted in the de-clustering of particles

observed experimentally in the case of
electrophoretic deposition. 5

In the case of EPD of particles, we have analyzzd

the clustering of groups of particles by neglecting

the effects of multiple particles on the local

electrical potential and fluid velocity. The velocity

of a test particle toward the central particle, v r, is

assumed equal to the fluid velocity in the absence of

the test particle, Vr0, multiplied by a correction

factor q to account for the _l_drodynamic hindrance
due to the electrode surface. Multiple simulations

of triplets of different initial configurations

accounted for the random nature of the aggregation

process. The initial configuration of the three

particles was chosen randomly except that no

overlap was allowed. The position versus time of

each particle was computed by integrating its

velocity over time, where the particle's velocity was

given by the sum of v r caused by the other two

particles. The parameter q was considered a single

adjustable parameter independent of the relative

positions of the three particles. 16Details of the
calculations are reported elsewhere.

The de-clustering time of a triplet (TE), defined as

the time required for the three initially contiguous
particles to disaggregate, was calculated as a

function of the final mean center-to-center separation

distance (d = [d12 + d13 + d32]/3) between the

particles for random initial configurations. The

following _tpression approximates the calculated
values of T-(d) in the range 2<d<7 very well:

(1)

This theoretical result is compared to the
experimental data of Brhmer 5 in Figure 4. The

experimental data are for de-clustering of triplets

upon reversal of the field; thus, d represents the

mean spacing at each time. In this plot, the

separation distance was normalized by the particle's
• . S .

radius (a), and the de-clustenng time by a/v w_th

lEt equal to the applied electric field perpendicular to

the electrode. The best-fit value of the hydrodynamic

correction factor (q) is 0.5, which is expected for

gaps between the particle and electrode of 1-10% of
the particle's radius.

Symbols of different shapes in Figure 4 represent
different triplets in the experiments. The applied

voltage was different for each triplet, either -1 V or

-1.5 V. The data as plotted in Figure 4, with time
normalized by the slip velocity v- (which is itself

proportional to the applied electric field), indicate

that the relative motion among the three particles

was linear with the electric field, as predicted by thc

theory.

Although the liquid-gas interface might be charged,

the motion of bubbles at electrodes leading to

specific radial coalescence cannot be attributed to

electroosmosis bec/ause the velocities observed by
Sides and Tobias were two to three orders of

magnitude higher than the estimated magnitude of
the electroosmotic slip velocity v s. On the other

hand, the observed lateral motion of equal-size

bubbles toward each other can be explained in terms

of Marangoni convection around each bubble near

the electrode, where the velocity scale is given by
m

v = g'--Ta/2h with g' being the derivative of

surface tension wi_ respect to temperature and a the
bubble's radius. The theory for this case

resembles the theory developed for deposited

particles; that is, a test bubble is entrained in the

convective flow about the other bubble (Vr0) and

moves toward it at velocity v r = qvr0 where q is the
hindrance factor of the electrode. These calculations

for the change in center-to-center distance (d)
between the bubbles as a function of time (t) are fit

by the following empirical equation (h=0.05):

d(t) = q(3.336 - 0.185t)exp(0.030t) (2)

The distance is normalized by a and the time by
a/V rrl.

The temperature gradient at the surface of the bubble
must be determined in order to calculate the

magnitude of the Marangoni flow field about a

deposited bubble. We solved Laplace's equation for

the temperature field around a bubble subject to a

constant uniform temperature at the electrode and a

specified gradient of temperature far from the bubble
and the electrode. In the experiments of Sides and

Tobias, no temperature measurements were made, so

the far-field gradient was estimated from the
irreversibilities of the electrochemical reaction and
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the ohmic losses in the thin tin oxide electrode used

in the experiments. The homogeneous ohmic

heating of the electrolyte was neglected in these

calculations because it raised the overall temperature

but did not affect the gradients on the tim_8scale of
the experiments. We used film theory in the

aqueous phase to express this gradient (--T)o = Q/k,

where Q is the heat flux dissipated from the

electrode, and k is the thermal conductivity of the

electrolyte. This quotient is a reasonable

approximation of the average gradient for bubbles

having diameters smaller than the thermal boundary

layer thickness. Estimating the thickness of the

thermal boundary layer by analogy from mass

transfer c_relations developed for electrolytic gas
evolution , one obtains approximately 140 ram,
which is between three and four times the diameter

of the largest bubble considered in this analysis.

Prior analysis has shown that this distance from the

electrode is sufficient for disturbances in the
potential or the temperature to relax. -v The heat

flux Q from the anode to the electrolyte can be

approximated by the sum of the irreversible heat

flux Qrxn generated at the anode surface by the

electrode reaction, and the ohmic heat flux from the

tin oxide film Qfilm. The flux Qrxn is calculated

by

Q rxn= Jl] rx: (3)

where i is the current density and hrx n is the

electrochemical overpotential for oxygen evolution.

The ohmic heat flux is calculated by

Q filr_ J_R sqL2 (4)

where L is the effective current path length taken as
halfthe cell width (1.5 x 10" m). The electrode had

an electrical resistivity Rsq = 100 ohms _t_ersquare.
For a current density of 5,000 A m and an

overpotential of 1 V, the abov_ equations yield a
total heat flux Q = 10,600 W m-- _nd a temperature

gradient (--T). = 17,7_0 K m-'; for a current
density of 1,000 A m- , the temperature gradient
was 2,070 K m-1. The bubbles ranged in radius

from 13 to 22 mm. Therefore, we estimate that the

temperature difference between the bottom (hot

region) and top (cold region) of the bubbles varied

from about 0.05 K to 0.8 K. The corresponding

difference in in_rfacial tensi_on v_ar_ed from about
0.007 103 N m-- to 0.12 10- N m .

Using the above estimates of the temperature

gradient, the theory expressed by equation (2) is

compared to the experimental values of d versus t

for four different pairs of bubbles in Figure 5. The

data were obtained by analyzing movies of the radial
coalescence. As in the case of particles, there is

good agreement between the theory and the

experiment, and the data scale as predicted with two

different parameters, bubble radius and current

density (i.e., temperature gradient). The value of the

hydrodynamic correction factor (q) was assumed to
be 1.0.

Discussion Aggregation of particles near an
eleclxode and coalescence of bubbles near a heated

wall are physically different phenomena but can be
explained by a similar hydrodynamic mechanism
resulting from convection induced by interfacial
forces. For bodies of approximately the same size,

the phoretic flow theory is in reasonable agreement
with the experimental data when the hydrodynamic
correction factor q is of order unity. The analysis
describexl above accounts for the aggregation of
equal-size particles or bubbles (Figure I), but
modification of the theory is necessary when the

primary particle is much larger than the test particle
(Figure 2). In this ease the velocity of the test
particle (bubble) toward the primary particle
(bubble) is a superposition of the mutual
entrainment mechanism described in this paper ard

the additional electrophoretic (thermocapillary)
velocity caused by perturbation of the electrical
potential (temperature) around the primary particle
(bubble). For a size ratio of about 0.2, the
attractive velocity due to the perturbed electrical
potential is comparable to the convective velocity;
thus, the velocity of a small particle in close

proximity of a large collector particle on an
electrode can be significantly greater than the
entrainment velocity of a particle of the same size
as the collector particle.

Yeh et aL 6 observed clustering under conditions of

alternating current (1 kHz) and a field strength of
25,000 Vim. These authors offered a qualitative
explanation based on electrohydrodynamic
interaction of lateral electric field gradients with the
double layer of the electrode rather than the particle.
Their model does not predict sufficient flow

velocities at the field strengths used by Brhmer to
explain his observations. Furthermore, Yeh et aL's

model cannot explain the motion of bubbles on
electrodes mentioned above. To compare the
expected flow velocities predicted by the model of
Yeh et al. and the results reported herein under
Brhmer's conditions, we calculated the ratio of the
lateral fluid velocities predicted by the two models.
Assuming that within the electrode double layer
current is carried by a single ionic species of
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concentrationno,Yellet al. presented the following

equation for the transverse fluid velocity vt:

vt = -- (5)
TID o eR

where kB is the Boltzmann constant, e is electron

charge, D O is the diffusion coefficient of the ion, Id

is the double layer thickness, Jo is the current

density, and R is the length scale of the feature on
the electrode surface. Since the feature on the

electrode in the present case is a particle, R is the
particle radius. The fluid velocity due to
electroosmosis Veo about a deposited charged

particle, according to our model, is:

(6)

where E. is the magnitude of the applied electric

field and f(r) is a factor less than unity that gives the
correct estimation of the transverse flow as a
function of center-to-center distance "r". The ratio

Veo/Vt is calculated from the following equation:

Ve_____o- _ e £_aDo
vt k_-T I_]_

(7)

where k is the specific conductivity of the
electrolyte. Values of Veo/Vt as a function of the

center-to-center distance r between two particles on
the surface of the electrode are presented in Table 1.
The data 1 indicate that the electroosmotic

phenomenon described in this work is 1 to 2 orders
of magnitude stronger than the effect described by
Yeh et al. for the conditions of B6hmer's

experiments.

Our conclusion is that a purely hydrodynamic model
for self-aggregation of nearly equal-size particles
deposited on an electrode and for bubbles formed on
a hot surface (which here is an electrode) can

quantitatively explain the observed rates of
clustering and coalescence. The concept is that the
fluid convection driving aggregation derives from
direct interactions between the field (electrical oi"
thermal) and the deposited species (particle or
bubble).
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Figure Captions

Figure 1. Frames from the movie of Sides and
Tobias showing electrolytic gas

evolution (oxygen) from the back side
of a tin oxide electrode in KOH. The

bubbles grow away from the viewer as
if on the far side of a pane of glass.
The frames represent a square about
150 mm on a side and approximately

0.4 ms elapses between frames. One
can particularly see the phenomenon of
specific radial coalescence by
following the fates of bubbles 1 - 6 as

they seem to be attracted to the larger
bubble they surround. Bubbles 7 and
8 will coalesce with the bubble on the

right edge of the viewing area.
Frame 4: Bubble 1 has arrived at its
"collector" bubble and coalesces with
it in frame 5. Bubbles 2-5 are

approaching their collector bubble.
Bubble 8 reaches the bubble on the

fight edge of the frame (left) and
coalesces with it in frme 5. Bubble 7

is moving toward the bubble on the
right edge.
Frame 7: Bubbles 2 - 5 have all
reached the collector. Bubble 8 has
reached its collector.
Frame 9: All bubbles have coalesced

with their respective collectors..

Figure 2. Time series for the formation of

clusters of 10/am PS particles starting
from a semi-regular array at 1.5 V.

Figure 3. a) Fluid convection induced by
electroosomosis about a stationary
particle near an electrode whose surface
is the horizontal axis at the bottom.

In this example the particle could be
negative and the electrode positive, so
the electroosmotic slip velocity draws
fluid upward near the particle. If the

particle and electrode have the same
sign of charge, then the arrows on the
streamlines are reversed. The fluid

velocity is zero along the electrode's
surface, b) Convection induced by
thermocapillary motion about a
stationary bubble near a surface where
a uniform gradient of temperature
exists perpendicular to the surface,
such that the surface is hotter than the

fluid. If the temperature gradient is
reversed, then the arrows on the
streamlines are reversed.

Figure 4.

Figure 5.

De-clustering time as a function of the
mean center-to-center distance d for

three particles. Time is normalized by
a/v s where a is the particle's radius and

s
v is the magnitude of the

electroosmotic slip velocity (=

(ez/h)Eo), while the separation distance

is normalized by a. The symbols an_

the dat_ from the experiments by
B6hmer- in which three particles

initially in contact separated (de-

clustered) when the electric field was

reversed; in this case, d is the mean

separation among the three particles at

the designated time. Each symbol

represents a different triplet, and the

horizontal error bars correspond to the
standard deviations of the distance

measurements. The solid line is the

prediction from the hydrodynamic

theory (equation (1)) with the

hydrodynamic hindrance factor q =

0.50. For the theoretical predictions, d

is the initial mean separation and the
vertical bars are the standard deviations

of simulations for the range 2<d<5

(10-15 trials at each separation), with

random but non-overlapping initial

placement of the three panicles.

Dimensionless center-to-center distance

d as a function of dimensionless time t

for 8 pairs of bubbles of

approximately equal size. The
parameter t is normalized by a/v m

m .

where v is the mar_nitude of the
Marangoni velocity (v = g'--Ta/2h),

and d is normalized by the particle's

radius a. Filled symbols corre_s_ond to
a current density of 1000 A m , while

the open symbols correspond to_2a
current density of 5000 A m

Symbols of different shapes represent

different pairs of bubbles. The solid

line is calculated from the theory

(equation (2)) with q= 1.0.
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Table1

Center-to- f(r) Veo/Vt
centerdistance

(radii)
4 0.06 31
3 0.12 63
2 0.18 94

RatiooftheexpectedelectroosmoticvelocityVeoto
thetransverseelectrohydrodynamicvelocityvtof
Yehet al. calculated from eq (7). The calculations

were performed based on the experimenz_al conditions

of B6hmer: ion concentratio%no = 10- ' M 4
(corre_poncling.,...1._to 1d = 30 10-_m and _¢= 15 10-

10 -9ohl-n-_, m-_), ionic diffusion coefficient Do=2

mZ-is , particle zeta po_ntial _ = 0.08 V, and
particle radius a = 5 10_" m.
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